18 cm −3 n-type doped GaAs emitters in a multilayer GaAs/Al 0.13 Ga 0.87 As heterostructure is presented. The detection mechanism is based on free carrier absorption with a broad response extending to ∼5.26 THz (57 μm), corresponding to an effective workfunction of ∼21.8 meV, which is much smaller than the offset expected for an Al fraction of x = 0.13 at a 1 × 10 18 cm −3 doping. This is attributed to a reduction of the conduction band offset by interface dipole formation between the accumulated negative charges at the interface states and migrated positively charged donors in the barrier. The device has a peak responsivity of 0.32 A/W at ∼26 μm at 5 K. It is demonstrated that the dopant migration-induced interface dipole effect can be used to extend the zero response threshold frequency (f 0 ) of n-type HEIWIP detectors.
n-type doped GaAs emitters in a multilayer GaAs/Al 0.13 Ga 0.87 As heterostructure is presented. The detection mechanism is based on free carrier absorption with a broad response extending to ∼5.26 THz (57 μm), corresponding to an effective workfunction of ∼21.8 meV, which is much smaller than the offset expected for an Al fraction of x = 0.13 at a 1 × 10 18 cm −3 doping. This is attributed to a reduction of the conduction band offset by interface dipole formation between the accumulated negative charges at the interface states and migrated positively charged donors in the barrier. The device has a peak responsivity of 0.32 A/W at ∼26 μm at 5 K. It is demonstrated that the dopant migration-induced interface dipole effect can be used to extend the zero response threshold frequency (f 0 ) of n-type HEIWIP detectors.
Index Terms-Dopant migration, GaAs/AlGaAs, heterojunction, infrared detectors, terahertz (THz) detectors. T ERAHERTZ (THz) photodetectors have drawn considerable attention due to their potential applications in areas such as medical diagnostics, pharmaceutical, security, wireless communication, and astronomy. Conventional photodetectors such as MCT, QWIP, etc., have threshold frequencies above 10 THz (30 μm). The competitive approaches for THz detection include homojunction [1] and heterojunction interfacial workfunction internal photoemission (HEIWIP) [2] THz detectors in which the basic detection mechanism is the free carrier absorption in an emitter region and the collection of the photoexcited carriers over an undoped barrier. Most HEIWIP detectors [2] reported are p-type doped emitters. Faster response speed due to low effective carrier mass in n-type HEIWIP detectors may be of interests for high-speed applications. In this letter, the effect of dipole formation due to dopant migration on the threshold frequency (f 0 ) of n-type GaAs/AlGaAs HEIWIP THz detector is explored. Using the dipole concept, the barrier height of n-type GaAs/AlGaAs HEIWIP detectors can be lowered making the THz detection possible. The schematic diagram of the GaAs/Al 0.13 Ga 0.87 As multilayer HEIWIP detector under consideration is shown in Fig. 1 Si-doped GaAs contact layers. The structure was grown by molecular beam epitaxy and GaAs growth rate was 0.9 ML/s while AlGaAs growth rate was 1.0 ML/s. A 200-nm-doped GaAs buffer was grown at 580
• C, and the rest of the structure was grown at 640
• C. As to Ga, beam equivalent pressure ratio was 10 : 1. The n-doped GaAs substrate enhances the light reflection improving the light absorption in emitter regions. The raw spectral response of the detector was measured using a Fourier transform infrared spectrometer, and a Si composite bolometer was used to normalize the raw spectral response. Using the bolometer sensitivity (3.5 × 10 5 V/W) and circuit impedance, the detector spectral response was calculated in ampere/watts units.
The conduction band diagram of a single heterojunction under zero-bias condition is shown in Fig. 1(b) . The workfunction (Δ) for an ideal heterojunction interface (i.e., zero interface states) is Δ = ΔE C − E F = Δ x + Δ d − E F as considered in an earlier HEIWIP detector [3] . Here,
The band offset, Δ x = 790x, is due to the Al fraction x in the Al x Ga 1−x As barrier, and Δ d is the shift in the conduction band of the GaAs due to the doping. E F is the Fermi level with respect to the bottom of the conduction band of the emitter.
Following the conventional design methodology of the reported HEIWIPs [3] , the present device should give Δ = ΔE C − E F ≈ 82.8 meV resulting in f 0 (THz) = Δ (meV)/4.133 ≈ 20 THz under zero bias condition. The (Δ) can be estimated using the Arrhenius plot, where the slope of ln(I/T 1.5 ) versus 1/T is proportional to Δ. Arrhenius analysis in Fig. 2(a) shows the measured Δ varing from ∼24.2 to20.7 meV corresponding to bias voltage from −20 to −180 mV, which is much smaller than the expected value of 82. 8 meV. To investigate the discrepancy, secondary ion mass spectrometry 0741-3106/$25.00 © 2008 IEEE (SIMS) measurements [shown in Fig. 2(b) ] were carried out which confirms N d = 1 × 10 18 cm −3 and x ∼ 0.13 used in the calculations. Shown in Fig. 2(b) , a significant dopant migration with peak concentration ∼4 × 10 17 cm −3 is observed in the growth direction into the barrier region which decreased to nearly zero at ∼30 nm from the interface. The migrated donor atoms release their electrons and form a positively charged region in the barrier near the interface. The quality of the heterojunction interface may be deteriorated severely by heavily doped emitters [4] , and the increased interface roughness may lead to enhancement in the interface state density at the heterointerface similar to results reported in [5] . The band discontinuity can significantly be affected [6] if a dipole layer is formed across a heterointerface. Rimmer et al. [7] found the accumulation of a negatively charged region of interface states at the GaAs/AlGaAs heterointerfaces agreeing with Kroemer's theory [8] . The origin of the interface states can be the dangling bonds in the interfaces, Coulomb potential of charged ions, and shallow impurities near interfaces [9] . The net negatively charged region at the heterointerface may include the accumulation of shallow donors [7] . However, the negatively charged interface states and migrated positively charged donor atoms may form an interface dipole [6] as shown in Fig. 1(b) that reduces the conduction band discontinuity. The interface dipole reduces ( [6] ) the conduction band offset ΔE C by an amount ΔΦ dip (eV) = (σ/ε b )(d + t), where σ = qN b t is the chargesheet density in the dipole, d is the separation between the positive and negative charge regions, t is the width of the positively charged region in the barrier, q is the electronic charge, ε b is the permittivity of the barrier material, and N b is the average donor concentration in the barrier over a thickness of t. The average N b is estimated to be ∼4.6 × 10 16 cm −3 using the SIMS profile. Since the donor atoms extend over a ∼30 nm from the interface, and the negative charge region is very close to the heterointerface giving t d, therefore, ΔΦ dip ≈ (σ/ε b )t = 57.6 meV, and the effective conduction band offset becomes ΔE which affects the band offset by less than 10 meV in most of the GaAs/AlGaAs heterojunctions [10] . Since the heavy doping may increase interface roughness [4] increasing the interface state density [5] and resulting in the ionized donor density (N b t ∼ 1.38 × 10 11 cm −2 ) over a larger thickness (∼30 nm) than in normal heterointerfaces (< 10 nm near the interface), the interface dipole can reduce ΔE C significantly (∼57.6 meV) in the present device. However, in the case of an intentionally introduced doping interface dipole in band offset engineering of a heterojunction [6] , t is maintained to be very small as compared to d < 100 Å resulting in ΔΦ dip (eV) ≈ (σ/ε s )d. The spectral responsivity for different fields is shown in Fig. 3(a) . The broad responsivity spectrum, extending to ∼57 μm (i.e., 5.2 THz) for a filed of E b ∼ 1 kV/cm, clearly demonstrates the free carrier absorption mechanism of the detector with a peak responsivity of 0.32 A/W at ∼11.5 THz (26 μm) at 5 K. Furthermore, the decrease in the f 0 with the field is also clearly visible. The experimental f 0 was determined with respect to the measured system noise level shown in the figure. The dips at ∼35 and ∼27 μm correspond to AlAs-like and GaAs phonons, respectively. The experimental result for E b ∼ 1 kV/cm is compared to the calculated [3] responsivity in Fig. 3(b) . Despite the similar characteristics, a magnitude discrepancy was found between the calculated and the measured spectra, and the calculated spectrum was scaled to match the experimental spectra. The little discrepancies between the two results may be attributed to the impurity scattering (due to dopant migration) in the barrier. A comparison of the experimental and calculated f 0 (THz) = Δ(meV)/4.133 as a function of the applied field E b is shown in the inset of Fig. 3(b) which shows a close agreement.
The lower responsivity compared to the single emitter-single barrier HEIWIP detector [3] may be attributed to the following reasons: 1) the lower absorption region (∼12 × 20 nm = 240 nm for 12 emitters) may result in ∼65% less photocurrent than that of [3] (with a ∼700-nm-thick emitter) due to the reduction in the quantum efficiency; 2) larger threshold barrier energy (∼25.2 meV) as compared to ∼13 meV of [3] can cause less electrons to escape into the barrier and, thus, may result in smaller photocurrent; and 3) the possibility of escaped carriers from a particular emitter being captured by other emitters during their carrier transportation. However, the magnitude of charged interface state density in a heterointerface, in general, is highly sample-dependent (under the same growth conditions) [7] . Thus, it may be quite reasonable to assume that samples grown under different growth conditions should have different interface state densities. This may be one of the possible reasons for not observing interface dipole effect in single emitter device [3] with less dopant migration (∼9 × 10 17 cm −3 ) over thinner region (∼5 nm). A second device (L200) with 12 periods of 1.3 × 10 18 cm −3 Si-doped 20-nm GaAs emitter and undoped 80-nm Al 0.09 Ga 0.91 As barrier was tested and shows f 0 ∼ 4 THz (∼70 μm) in forward bias operation and ∼9 THz (∼34 μm) in the reverse bias operation, which can be a consequence of the dipole effect. According to the SIMS measurements in the second device, the migrated dopant concentration starting from ∼4 × 10 17 cm −3 on the GaAs/AlGaAs interface reaches ∼1 × 10 16 cm −3 over a thickness of 15 nm in the growth direction giving ΔΦ dip ≈ (σ/ε b )t ∼ 24 meV. Without dipole effect, the calculated Δ is ∼40 meV giving f 0 ∼10 THz (30 μm) which roughly matches with observed f 0 in reverse bias. With the dipole effect, the calculated Δ would be ∼16 meV resulting in f 0 ∼ 3.9 THz (77 μm) which matches with the observed f 0 in forward bias. The Al fraction in the above structure was determined by XRD measurements and numerical fittings. In case of p-type HEIWIP [2] , no dopant migration was observed in the reported detectors since there is no possibility of formation of an interface dipole between interface states and ionized acceptor atoms because of their identical charge polarity. Note that the dipole effect is not observed in multiple quantum well devices due to the δ doping method, which cannot be used for free carrier absorption-based detectors.
To conclude, the effect of interface dipole due to dopant migration in the barrier region of a Si-doped GaAs/Al 0.13 Ga 0.87 As multilayer HEIWIP THz detector is presented. This letter shows that, dopant migration in n-type HEIWIP detectors can be utilized to engineer the f 0 in an n-type multilayer HEIWIP photodetector. However, the dopant migration can reduce the photoresponsivity, hence proper care should be taken during the fabrication of the n-type GaAs/AlGaAs multilayer HEIWIP to increase photoresponsivity.
